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Introduction {#sec1}
============

Cytosine methylation is a key chromatin modification required for normal gene regulation and genome stability ([@bib7]). In mammals, it is predominantly found in CG dinucleotides, functioning in the silencing of retrotransposons and regulation of single-copy sequences and genes subject to parent-of-origin imprinting. While rare in most tissues and differentiated cells, methylome analysis reveals that non-CG methylation is abundant in embryonic stem cells (ESCs) ([@bib23]), germ cells ([@bib20]), and the brain ([@bib24], [@bib43]), although its function remains unclear. DNA methylation is established during gametogenesis, following erasure in sexually uncommitted primordial germ cells (PGCs) ([@bib36]). In males, PGCs entering the gonadal ridge differentiate into prospermatogonia (PSG)/gonocytes that are mitotically arrested by 16.5 days postcoitum (dpc) ([@bib41]). Between 16.5 dpc and 2 days postpartum (dpp), genome-wide de novo DNA methylation is thought to be restored to prior levels, ensuring the correct resetting of DNA methylation imprints. Following birth, prospermatogonial stem cells (PSCs) re-enter the cell cycle ([@bib5]), migrate to and colonize the seminiferous tubule basement membranes, and establish the initial pool of spermatogonial stem cells (SSCs) that maintain spermatogenesis for the rest of the animal's life ([@bib19], [@bib45])

DNA methylation is established by two DNA methyltransferases, Dnmt3A and Dnmt3B ([@bib28]). In addition, a catalytically inactive adaptor, Dnmt3L, is essential for this process to occur properly during gametogenesis ([@bib2], [@bib3], [@bib8], [@bib42]). *Dnmt3L*-deficient male animals are azoospermic due to a block in meiosis at the leptotene-zygotene transition, marked by non-homologous synapsis/meiotic catastrophe. Retrotransposons are reactivated due to a failure to establish methylation at these elements. Furthermore, although initially present, SSCs are reportedly depleted by 8--10 weeks of age, resulting in mutant testes containing seminiferous tubules completely devoid of germ cells ([@bib9]).

Given the critical role of Dnmt3L in gametogenesis, much attention has centered on understanding the mechanism by which it operates. Biochemical assays indicate Dnmt3L directly associates with both Dnmt3A and Dnmt3B; crystallographic studies using the C-terminal domains of murine Dnmt3A and Dnmt3L indicate this interaction is mediated through the C-terminal methyltransferase folds ([@bib16]). Dnmt3L functions as an allosteric activator ([@bib4], [@bib40]) and improves Dnmt3A processivity ([@bib11]). DNMT3L forms heterotetrameric complexes with DNMT3A ([@bib16]), forming filaments coating DNA molecules in vitro ([@bib17]). *Dnmt3L* encodes a ∼50-kDa protein and contains an N-terminal cysteine-rich ATRX-Dnmt3-Dnmt3L (ADD) domain ([@bib1]). Using either human or mouse Dnmt3L proteins, we and others have shown that the ADD domain interacts with the N terminus of histone H3. Importantly, this in vitro interaction can be disrupted by an aspartic acid to alanine mutation at position 90 or 124 in human or mouse Dnmt3L protein, respectively ([@bib13], [@bib29], [@bib31], [@bib46]). This observation has given rise to the Dnmt3L histone recognition hypothesis ([@bib30]), whereby the recognition of DNA methylation target sequences is dependent on the ability of Dnmt3L to bind to histone H3.

As mentioned, existing studies into Dnmt3L biological function have relied on null alleles that completely eliminate expression of Dnmt3L protein. Although greatly informative, this approach prevents a direct test of whether or not the ADD is involved in Dnmt3L function. In addition, given that Dnmt3L functions in complex with Dnmt3A/Dnmt3B, it is unclear the degree to which the phenotypes observed are a direct consequence of disrupting Dnmt3L protein or other proteins dependent on Dnmt3L expression/presence. Using a "knockin" approach, we have generated a mouse strain with a single-amino-acid mutation to test the biological importance of the ADD domain.

Results {#sec2}
=======

Defective Cytosine Methylation, Particularly at Non-CG Contexts, in *Dnmt3L*^*A/A*^ Prospermatogonia {#sec2.1}
----------------------------------------------------------------------------------------------------

In agreement with our previous biochemical studies on human DNMT3L, we observed that mouse Dnmt3L protein binds to histone H3 and that a D124A mutation within the Dnmt3L ADD is sufficient to disrupt this binding ([Figure 1](#fig1){ref-type="fig"}A). To test the biological importance of this residue, the *D124A* mutation (hereafter referred to as *Dnmt3L*^*A*^) was introduced into the endogenous *Dnmt3L* locus by homologous recombination in ESCs and animals were generated by subsequent breeding ([Figures S1](#app3){ref-type="sec"}A--S1D). *Dnmt3L*^*A/A*^ animals were viable, consistent with the *Dnmt3L*^−/−^ phenotype. To examine the extent of methylation defects in *Dnmt3L*^*A/A*^ germ cells, we performed whole-genome bisulphite sequencing (WGBS) on fluorescence-activated cell sorting (FACS)-purified PSG from 1-day-postpartum (1-dpp) wild-type and mutant animals. Germ cells were purified by combining the *D124* mutation with a germ cell reporter transgene (*Oct4-GiP*), which expresses GFP under the control of the *Oct4* promoter ([@bib44]).

Analysis of the sequence context of cytosines identified as being methylated in 9.85 × 10^8^ mapped reads revealed that as well as canonical CG methylation, wild-type PSG harbored significant numbers of reads containing methylated cytosines in a non-CG context ([Figure 1](#fig1){ref-type="fig"}B). It is well known that most cytosines in a CG context in mammals are typically methylated and undergo deamination to TpG, which results in CG dinucleotides representing a much smaller than expected proportion of total cytosines. Indeed, in our dataset, mapped reads containing CG dinucleotides (irrespective of methylation state) constitute only 3.86% of the total ([Table 1](#tbl1){ref-type="table"}). We found that 72% of cytosines that showed evidence of methylation occur in a non-CG context; this is in line with that previously published in embryonic day 16.5 (E16.5) PSG ([@bib20]), which have not yet completed de novo methylation, as well as in growing oocytes ([@bib38]) (49% and 66%, respectively). Consistent with this, analysis of the level of non-CG methylation from bisulphite PCR data at long interspersed nuclear element-1 (LINE-1) and intracisternal A particle (IAP) elements also supports these findings of abundant non-CG methylation ([Figure S1](#app3){ref-type="sec"}E). Motif analysis revealed that most non-CG methylation occurs at TNCAG and TNCAC motifs ([Figure 1](#fig1){ref-type="fig"}C), consistent with previous observations in germ cells ([@bib20], [@bib38]), human ESCs ([@bib23]), and brain ([@bib24]).

We next examined the effects of the *D124A* mutation on cytosine methylation. Globally, numbers of methylated CG sites in *Dnmt3L*^*A/A*^ PSG relative to that observed in wild-type were reduced ([Figure 1](#fig1){ref-type="fig"}D). Analysis of the methylation level throughout the genome divided into 100-bp bins indicated CG methylation was significantly reduced in *Dnmt3L*^*A/A*^ PSG compared to wild-type (Wilcoxon rank sum test, p \< 2.2 × 10^−16^) ([Figure 1](#fig1){ref-type="fig"}E). To determine if any specific compartment was affected, we compared weighted methylation levels within various genomic compartments. The majority of CG dinucleotides are located within the repetitive compartment of the genome. Analysis of CG methylation at LINEs, long terminal repeats (LTRs), and short interspersed nuclear elements revealed that while these elements were predominantly methylated in wild-type germ cells, these were hypomethylated in *Dnmt3L*^*A/A*^ mutant cells ([Figures 1](#fig1){ref-type="fig"}F and [S1](#app3){ref-type="sec"}F). This is consistent with both methylation-sensitive Southern blot and bisulphite sequencing data examining LINE1 and IAP sequences showing elements that are both normally methylated and hypomethylated ([Figures S1](#app3){ref-type="sec"}G and S1H). Analysis of CpG islands (CGIs) revealed differences depending on context. As expected, those associated with gene promoters were largely unmethylated in both wild-type and mutant cells ([Figure 1](#fig1){ref-type="fig"}F). CGIs not associated with promoters (so-called orphan CGIs; [@bib15]) tended to be methylated, with reductions in mutant cells. As well as repetitive elements, DNA methylation is also established at paternally imprinted differentially methylated regions (DMRs). CG methylation at paternally imprinted loci trended toward reduced levels in *Dnmt3L*^*A/A*^ germ cells ([Figure 1](#fig1){ref-type="fig"}G), with significant reductions at the Gpr1/Zdbf2 and Rasgrf1 DMRs (Fisher exact test values, 6.66 × 10^−4^ and 4.73 × 10^−5^, respectively). Interestingly, the *Rasgrf1* DMR, which is associated with an adjacent repetitive region, showed the greatest reduction (49% versus 19% methylation) As expected, analysis of maternally imprinted DMRs revealed these to be hypomethylated. These data indicate that despite Dnmt3L protein being present, full establishment of CG methylation at repeats and the paternally imprinted DMRs analyzed is defective in *Dnmt3L*^*A/A*^ germ cells.

In addition to the global reduction in CG methylation, we also observed a drastic reduction in non-CG methylation in *Dnmt3L*^*A/A*^ PSG relative to wild-type ([Figures 1](#fig1){ref-type="fig"}D and 1E). We note that the level of expression of components of the Dnmt3 complex was not significantly altered by the *D124A* mutation ([Figure S1](#app3){ref-type="sec"}I), arguing that the observed methylation defects could not be attributed to reduction in the expression levels of these proteins. Analysis of non-CG methylation in various genomic compartments revealed that similar to CG methylation, this was reduced throughout all regions in *Dnmt3L*^*A/A*^ PSG, with most non-CG methylation found in non-promoter-associated CGIs ([Figures 1](#fig1){ref-type="fig"}F and [S1](#app3){ref-type="sec"}F). Together, these data suggest that non-CG methylation is crucially dependent on correct ADD function.

Dnmt3L ADD Ensures Hypermethylation at Normally Methylated Loci in Prospermatogonia {#sec2.2}
-----------------------------------------------------------------------------------

CG methylation outside of promoter regions but within gene bodies has been reported to show a positive correlation with the level of transcription ([@bib10]). We therefore considered whether such an association existed in PSG. Using available RNA-sequencing data, we examined CG methylation at genes highly expressed in E16.5 PSG ([@bib36]). Contrary to published data, average levels of both CG and non-CG methylation within highly expressed genes showed slight but significant reductions compared to levels observed at weakly expressed genes ([Figure 2](#fig2){ref-type="fig"}A). We note also that average methylation levels of both these sets of genes are lower still compared to that observed within the bodies of all RefSeq genes. This argues that, at least in PSG, there is no direct positive correlation between the levels of CG methylation within genes and transcriptional activity.

Consistent with this, we observe that both CG and CH methylation across the bodies of genes in several groups closely track that observed along all RefSeq genes ([Figure 2](#fig2){ref-type="fig"}B). In other words, gene-body methylation is observed across all genes and it is generally reduced in *Dnmt3L*^*A/A*^ germ cells. Our data indicate that full methylation across gene bodies is dependent on Dnmt3L function. In addition, when we compare gene-body CG methylation of all mouse RefSeq genes in wild-type 1-dpp PSGs with that observed in other tissues, we find substantially higher levels of methylation ([Figure 2](#fig2){ref-type="fig"}C). In line with all other compartments analyzed, CG gene-body methylation at all RefSeq genes was significantly reduced in *Dnmt3L*^*A/A*^ PSG compared to wild-type ([Figure 2](#fig2){ref-type="fig"}D). Genome-wide analysis of the distribution of CG methylation levels indicates that relative to other tissue types, PSG are hypermethylated, which is attenuated in *Dnmt3L*^*A/A*^ germ cells ([Figure 2](#fig2){ref-type="fig"}E).

*Dnmt3L*^*A/A*^ Male Animals Have Defective Spermatogenesis and Reduced Fertility {#sec2.3}
---------------------------------------------------------------------------------

We next sought to determine the effects of the *D124A* mutation on testes development and fertility. Analysis of *Dnmt3L*^*A/A*^ stud males revealed that although they were capable of siring offspring, they were subfertile, with significant reductions in overall testes size ([Figure 3](#fig3){ref-type="fig"}A) and various metrics of reproduction ([Figure 3](#fig3){ref-type="fig"}B). In a few cases, animals were found to be completely azoospermic. Histological examination of mutant testes unexpectedly revealed the presence of seminiferous tubules devoid of germ cells beyond the spermatocyte stage, co-existing with tubules displaying all stages of spermatogenesis ([Figure 3](#fig3){ref-type="fig"}C, see panels I and II). Staging analysis revealed apoptosis of large cohorts of spermatocytes in some tubules in stage IV while no apoptosis of spermatocytes was observed in other stage IV tubules ([Figures S2](#app3){ref-type="sec"}A--S2F). When apoptosis occurred, round and elongating spermatids were also absent in the affected area. These observations suggest that *Dnmt3L*^*A/A*^ spermatocytes have a diminished chance to survive the stage IV checkpoint. However, spermatocytes can survive stage IV and continue to develop normally through to mature spermatozoa. This explains the phenotype of tubules with normal, complete spermatogenesis, adjacent to tubules lacking generations of spermatocytes and spermatids. We note that spermatogonia and, depending on the epithelial stage, early types of spermatocytes were always present at 12.5 to 16 weeks of age ([Figures S2](#app3){ref-type="sec"}A--S2F). This developmental block is consistent with previously published data showing that seminiferous tubules in *Dnmt3L*-deficient testes do not progress beyond stage IV ([@bib42]). The proportion of defective tubules in different *Dnmt3L*^*A/A*^ animals varied, with some animals being significantly affected while others showed minimal signs of defective tubules ([Table 2](#tbl2){ref-type="table"}). FACS analysis on germ cells from mutant animals carrying the *Oct4-GiP* transgene showed that *Dnmt3L*^*A/A*^ male animals had significant reductions in absolute numbers of GFP^+^ cells, which translated to reductions at all spermatogenic stages ([Figures 3](#fig3){ref-type="fig"}D, [S2](#app3){ref-type="sec"}G, and S2H). Analysis of meiotic spreads revealed the presence of both homologous (normal) as well as non-homologous (abnormal) synapsis events ([Figure 3](#fig3){ref-type="fig"}E). Taken together, these data indicate that the *D124A* mutation is hypomorphic and that the ADD is necessary for normal Dnmt3L biological activity.

*D124A* Mutation Disrupts Gene Expression in SSCs {#sec2.4}
-------------------------------------------------

The SSC niche is maintained by a delicate balance of signals promoting either self-renewal or differentiation. Previously published data examining *Dnmt3L* null animals showed that spermatogonia are completely absent by 8--10 weeks of birth, caused by stem cell exhaustion ([@bib9]). As mentioned above, despite the presence of defective tubules, histological analysis indicated that germ cells were present beyond 8--10 weeks of birth. Histological analyses of testes from 1-dpp animals suggested the absence of any reduction in the numbers of PSG that initially seed the seminiferous tubules ([Figures S2](#app3){ref-type="sec"}I and S2J). This is consistent with previous reports showing no difference in numbers of PSG in *Dnmt3L*-deficient animals ([@bib9]).

To better understand the mechanisms by which the *D124A* mutation causes spermatogenic defects, we examined the transcriptional consequences in FACS-purified spermatogonia. Cells were purified from 9-dpp animals to examine the immediate consequences of the *D124A* mutation in newly differentiating spermatogonia and to assist purification of sufficient numbers of cells for analysis. Microarray analysis revealed up- and downregulation of 530 genes and 411 genes, respectively in *Dnmt3L*^*A/A*^ SSCs ([Figure 4](#fig4){ref-type="fig"}A). Among other processes, Gene Ontology (GO) analysis revealed a reduction in the expression of genes involved in cell fate commitment as well as those containing homeobox domains ([Figures 4](#fig4){ref-type="fig"}B and [S3](#app3){ref-type="sec"}). qRT-PCR for markers of undifferentiated spermatogonia and genes functionally important in SSCs maintenance and differentiation revealed reductions in the expression of various markers/transcriptional regulators, including significant reductions in *Pou5f1/Oct4*, *Sox3*, *Dazl*, *Ngn3*, and Sohlh2 ([Figure 4](#fig4){ref-type="fig"}C) ([@bib33]).

Consistent with functions in development, we found that genes downregulated in *Dnmt3L*^*A/A*^ SSCs are enriched for polycomb target genes. Metagene analysis of ESC chromatin immunoprecipitation sequencing (ChIP-seq) data revealed an enrichment of the polycomb repressive complex 2 (PRC2) subunit Suz12 at genes downregulated in *Dnmt3L*^*A/A*^ SSCs ([Figure 5](#fig5){ref-type="fig"}A). Similarly, using lists of PRC2 target genes in ESCs ([@bib21]), we found that while 10% of all genes are associated with PRC2, this increases to 36% for genes that are downregulated in *Dnmt3L*^*A/A*^ spermatogonia; upregulated genes showed only an 8% overlap with Suz12 binding. Downregulated genes are therefore 3.5 times more likely to be a target for the PRC2 complex. A similar enrichment was observed when examining both a second PRC2 component (Ezh2) as well as the post-translational histone modification it mediates (H3K27me3) ([Figures 5](#fig5){ref-type="fig"}B and 5C), with 44% of downregulated genes associated with the modification compared to 29% for upregulated genes (27% of all genes are associated with this modification). We note that in 1-dpp PSG, both CG and non-CG methylation profiles across gene bodies of PcG target genes are very similar to methylation profiles of non-expressed and all RefSeq genes ([Figure 5](#fig5){ref-type="fig"}D), arguing against a direct interaction between Dnmt3L-targeted methylation and the regulation of these genes. These data suggest that de-regulation of genes involved in spermatogenesis and development contribute to the observed defects in germ cell function.

Retrotranposons Are Activated by the D124A Mutation {#sec2.5}
---------------------------------------------------

We next sought to provide insights into the potential mechanisms by which the *D124A* mutation might affect gene induction. The 5′ regulatory regions of retrotransposons, particularly IAP and LINE1 elements, are known targets for CG methylation and can possess enhancer activity ([@bib35]). In situ hybridization using probes for these elements revealed that *Dnmt3L*^*A/A*^ mutant testes display a mosaic pattern of expression, with some tubules showing high levels of expression and other tubules showing little or no expression ([Figures 6](#fig6){ref-type="fig"}A and 6B). Interestingly, this is consistent with our histological data indicating defects in some, but not all, seminiferous tubules. Consistent with this, analysis of our microarray data of 9-dpp spermatogonia indicated that transcripts containing retrotransposons were also upregulated in *Dnmt3L*^*A/A*^ animals ([Figure 6](#fig6){ref-type="fig"}C) We then examined whether there was any relationship between the de-regulated genes we observed in *Dnmt3L*^*A/A*^ spermatogonia and their proximity to mapped repetitive elements. Proximity analysis revealed that on average, upregulated genes tended to be closer to the endogenous retrovirus (ERV) class of retroelements, which include IAP elements ([Figure 6](#fig6){ref-type="fig"}D; exact p values are 0.01279 \[upregulated genes\] and 0.9953 \[downregulated genes\]). Analysis of the methylation state in 1-dpp PGS of ERVs represented on the array indicated that these too were hypomethylated in *Dnmt3L*^*A/A*^ compared to wild-type germ cells ([Figures 6](#fig6){ref-type="fig"}E and 6F). This supports a model whereby the Dnmt3L ADD functions to ensure full methylation and silencing of these elements, in turn necessary to prevent ectopic gene expression during spermatogenesis.

Discussion {#sec3}
==========

The mechanism by which epigenetic information is both established and maintained is of great importance but remains poorly defined, particularly interactions between different epigenetic processes. The adaptor Dnmt3L is crucial for the establishment of DNA methylation during gametogenesis. However, previous data in the literature were obtained using genetic models lacking expression of Dnmt3L, and little is known about which of the domains present in Dnmt3L is required for regulation of epigenetic reprogramming during gametogenesis. We have now shown that the ADD is necessary for correct Dnmt3L biological function, potentially through its ability to control non-CG methylation and CG methylation and repression of retrotransposons.

To the best of our knowledge, our results are the first demonstration of the importance of the Dnmt3L ADD in gametogenesis. Our own data and that of others have shown that in vitro, the D124A mutation results in loss of histone H3 binding. A recent study reported that the Dnmt3L ADD directly interacts with the PRC2 component Ezh2 in ESCs ([@bib26]). In contrast, our own studies have failed to detect interaction between endogenous Dnmt3L and Ezh2 by co-immunoprecipitation using an anti-Dnmt3L antibody ([Figure S4](#app3){ref-type="sec"}). As it is unknown whether the D124A mutation would similarly affect Ezh2 interaction, and given the extensive literature demonstrating ADD interaction with histone H3, we favor the interpretation that the phenotypes reported in this study are a consequence of defective histone H3 binding and chromatin association.

Our results indicate that the *D124A* mutation is a hypomorphic allele; male *Dnmt3L*^*A/A*^ animals are subfertile with reductions in various metrics of fertility, which is somewhat unexpected. Based on the histone recognition model, abrogation of histone H3 binding should result in a failure by Dnmt3L to correctly recruit Dnmt3A/B methyltransferases to all methylation target loci. Therefore, one would predict that *Dnmt3L*^*A/A*^ male animals should phenocopy *Dnmt3L*^−/−^ animals (complete sterility instead of subfertility). The animals used in the studies reported carry the *D124A* mutation on an outbred background, which might account for the incomplete penetrance of the reported phenotype. We have found that combining the *D124* mutation with a null allele (*Dnmt3L*^*A/−*^) resulted in male animals that were all azoospermic, had microchidia, and whose testes only contained tubules with defective spermatogenesis ([Figure S5](#app3){ref-type="sec"}). Combined with our observations in *Dnmt3L*^*A/A*^ animals, this supports a dosage effect and that despite the presence of one copy of Dnmt3L, the *D124A* mutation has critical consequences on gametogenesis and phenocopies complete absence of Dnmt3L protein.

Our analyses of the transcriptional defects observed in *Dnmt3*^*A/A*^ undifferentiated spermatogonia provide insight into the spermatogenesis phenotypes previously observed in *Dnmt3L*-deficient animals. Our bioinformatics analyses support the notion that retrotransposons can serve as aberrant controlling elements to enhance the expression of nearby genes. They also underscore the importance of correct expression of developmental regulators and genes involved stem cell maintenance. Although a recent study has implicated Dnmt3L protein in playing a direct functional role in SSCs ([@bib22]), our results and those of others do not corroborate this finding. It has previously been reported that Dnmt3L protein is no longer expressed from 2 dpp ([@bib34]), although there is evidence for the presence of Dnmt3L mRNA that cannot be translated ([@bib27]). We have been unable to detect the presence of Dnmt3L protein in FACS-purified spermatogonia ([Figure S6](#app3){ref-type="sec"}), which leads us to conclude that the transcriptional defects we observe at this stage of spermatogenic development are a consequence of perturbations during the preceding PSG stage.

Given the general importance of Dnmt3L in establishing methylation at cytosines, our finding that non-CG methylation is substantially affected by the *D124A* mutation is striking and unexpected. It is widely considered that as both CG and non-CG methylation is dependent on the Dnmt3 de novo machinery, any perturbation in Dnmt3L function would be predicted to affect both types of methylation equally. As both CG and non-CG methylation are completely obliterated in *Dnmt3L* null animals, our results suggest differences in the mechanism by which methylation is established in CG and non-CG contexts, namely that the latter is greatly dependent on the Dnmt3L ADD domain.

Genomic non-CG methylation has been described in pluripotent stem cells ([@bib23]), germ cells (both growing oocytes and PSG; [@bib38], [@bib20]), and prefrontal cortical neurons ([@bib24]). Common features of these cell types are the expression of Dnmt3A and the fact that they are non-cycling. Dnmt3L protein expression has not been documented outside of pluripotent and germ cells; consistent with this, we failed to detect Dnmt3L in prefrontal cortex from juvenile male animals ([Figure S6](#app3){ref-type="sec"}B). The absence of detectable levels of Dnmt3L combined with our observation that germ cells are dependent on Dnmt3L-histone H3 binding for non-CG methylation suggests cell-type-specific mechanisms in how this modification maybe regulated.

It has long been known in mammals that CG methylation is predominantly located in repetitive elements and imprinted DMRs. Our results show that Dnmt3L-histone association plays a general role to ensure that these sequences are methylated to the correct levels. We note that not all paternally imprinted loci are equally affected by the *D124A* mutation. The most severely affected DMR, *Rasgrf1*, is considered to be an atypical paternally imprinted locus with a DMR associated with an adjacent tandem repetitive region ([@bib37]). Our results also add to the debate over the function of gene-body methylation. We observed a general reduction across these regions in *Dnmt3L*^*A/A*^ PSG, consistent with reductions in CG methylation in retroelements that are predominantly located in introns. However, our results suggest that at least in PSG, there is no conspicuous association with highly as compared to weakly/non-expressed genes; this argues that if there is any correlation, it is subtle. This is similar to the observation in hESCs, which show higher overall CG methylation compared to somatic cells and the existence of partially methylated domains ([@bib23]). We propose that positive associations between transcription levels and gene-body methylation may vary in a cell-type-dependent manner.

Our results imply that the genomes of germ cells such as PSG may have the highest overall levels of DNA methylation of all mammalian cell types described which we propose is a consequence of Dnmt3L expression. This leads to the prediction that cell types expressing Dnmt3L should have high levels of CG methylation. In accordance with this, we note that hESCs, which also express Dnmt3L, have been reported to have high levels of CG methylation ([@bib23]).

Expression of Dnmt3L renders PSG hypermethylated relative to genomes of other tissues, and our results show this to be a default process necessary for full reproductive fitness. An outstanding question is how genomic regions remain refractory to cytosine methylation, specifically promoter-associated CGIs and maternally imprinted DMRs. We propose that future studies should focus on defining the pathways and mechanisms that specifically prevent or interfere with Dnmt3L-histone H3 interaction. Pertinent to this are in vitro data showing that methylation of H3K4 disrupts DNMT3L-histone H3 peptide binding ([@bib29]) and recent genome-wide observations showing dynamic changes in H3K4Me2 immediately preceding the timing of de novo methylation ([@bib39]). Such studies will provide a more comprehensive understanding of the interaction between different epigenetic processes and their biological roles.

Experimental Procedures {#sec4}
=======================

Probes for Retrotransposons {#sec4.1}
---------------------------

IAPs were detected using the probe described previously ([@bib25]). The probe is derived from the IAP element responsible for the *A*^*iapy*^ allele and recognizes the LTR. For LINE-1 detection, a probe derived from the 5′ UTR of a truncated L1Md-A3.6 element (GenBank accession number [M13002](ncbi-p:M13002){#intref0010}) was used. Primer sequences used were as follows: IAP-14A (5′-NNNNGGGCCCGCAGAGAAGGTGATCGGTGG-3′), IAP-13K (5′NNNNGGTACCTGTTATTCGACGCGTTCTCA-3′), L1Md-A2F (5′-CCCAACATAGAGTCCTGA-3′), and L1Md-A2R (5′-AGTGGGCAGAGTATTCTC-3′).

In Situ Hybridization {#sec4.2}
---------------------

Experiments were performed as described previously ([@bib2]).

Antibodies {#sec4.3}
----------

For in situ hybridization, incorporated digoxigenin (DIG) was detected using alkaline-phosphatase-conjugated anti-DIG Fab fragments (Roche Diagnostics). For immunofluorescence, anti-Scp1 rabbit polyclonal (ab15090, Abcam) was used. For chromatin immunoprecipitation, the following antibodies were used: anti-Suz12 (ab12073, Abcam), anti-H3K27me3 (ab6002, Abcam), and anti-H3 (ab1791, Abcam).

Purification of Germ Cells and Preparation of Nucleic Acids {#sec4.4}
-----------------------------------------------------------

Undifferentiated spermatogonia from 9-dpp males were purified using the method described previously ([@bib6]). Note this method was also used to prepare testicular germ cells for FACS analysis. For 1-dpp testes, male animals were sacrificed and pairs of testes removed. Tubules were dissociated by collagenase. Single-cell suspensions were prepared by incubation with Accutase (Sigma) and passing through a cell strainer. Germ cells were purified on either a FACSAria III or Mo-Flo cell sorter, with purities for both wild-type and mutant germ cells at \>98%. DNA was prepared using the QIAamp Micro Kit (QIAGEN), and RNA was prepared using the High Pure RNA Isolation Kit (Roche). All animals used for this study were covered by a Home Office Project License under The Animals (Scientific Procedures) Act 1986 to S.K.T.O. This research study was also approved by the UCL Research Ethics Committee. Animals were humanely sacrificed at a designated establishment by cervical dislocation.

Meiotic Spreads {#sec4.5}
---------------

Meiotic spread were prepared according to the method described previously ([@bib32]).

Microarray and Data Analysis {#sec4.6}
----------------------------

Total RNAs were extracted using the High Pure RNA Isolation Kit (Roche Diagnostics) hybridized to Agilent SurePrint G3 Mouse GE 8x60K microarrays according to the manufacturers' protocol.

Statistical Comparisons {#sec4.7}
-----------------------

Unless otherwise stated, all statistical analyses were carried out using the non-parametric two-tailed Mann-Whitney test, with levels of statistical significance as indicated.

GO Analysis {#sec4.8}
-----------

Array signals were converted to log~2~ values and both genes and arrays were median centered. Rank product analysis was performed using the RankProdit website (<http://strep-microarray.sbs.surrey.ac.uk/RankProducts/>). Significantly enriched functional gene categories were identified using DAVID (<http://david.abcc.ncifcrf.gov/>) ([@bib14]). The heatmaps shown were generated with Java TreeView (<http://jtreeview.sourceforge.net>).

ChIP-Seq {#sec4.9}
--------

Using E14 mouse ESCs, chromatin immunoprecipitation and library construction from immunoprecipitation and input DNA followed by sequencing on an Illumina HiSeq were performed as described previously ([@bib18]).

Methylome Data from Various Tissues {#sec4.10}
-----------------------------------

Methylome data from various tissues were downloaded from the NCBI GEO (accession number [GSE42836](ncbi-geo:GSE42836){#intref0030}; [@bib12]).
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![Whole-Genome Bisulphite Sequence Analysis in Prospermatogonia\
(A) Peptide pull-down data showing interaction between in vitro transcribed and translated recombinant mouse Dnmt3L protein and the N terminus of histone H3 peptide (amino acids 1--21). Arrow indicates Dnmt3L protein. Higher bands in input lanes represent BSA, used as a blocking agent during peptide binding. Proteins were resolved on a 7.5% polyacrylamide gel and subsequently stained using Bio-Safe Coomassie stain (Bio-Rad). Note that this interaction is specifically lost upon mutation of aspartic acid into alanine at position 124 (D124A).\
(B) Pie chart showing distribution of methyl cytosine in CG, CHG, and CHH contexts in wild-type prospermatogonia (PSG). Only uniquely mapped reads were used in this and subsequent analyses. H refers to any base except a guanine.\
(C) Weblogo plots for bases proximal and distal to methylated cytosines in CHG and CHH contexts.\
(D) Bar graphs comparing relative normalized numbers of methylated sites in wild-type versus *Dnmt3L*^*A/A*^ PSG.\
(E) Box-whisker plots showing methylation levels throughout wild-type and *Dnmt3L*^*A/A*^ PSG genomic DNA divided in 100-bp bins. Boxes represent quartiles and whiskers demarcate maximum and minimum values. Exact p value is \< 2.12 × 10^−16^.\
(F) Heatmaps indicating levels of CG methylation at different sequence classes indicated.\
(G) Bar graphs depicting methylation levels at paternal and maternal imprinted differentially methylated regions (DMRs). DMR coordinates were obtained from [@bib43].](gr1){#fig1}

![CG and Non-CG Methylation Is Observed at Similar Levels across All Genes and Reduced by *D124A* Mutation\
(A) Box-whisker plots of normalized CG and CH methylation levels across genes highly and weakly/not expressed in E16.5 PSG. Methylation levels at all RefSeq genes are also shown. E16.5 PSG expression data were obtained from [@bib36]. Wilcoxon rank sum test results comparing highly to weakly expressed genes were 1.403 × 10^−5^ and 4.091 × 10^×4^ for CG and CH methylation, respectively.\
(B) Metaplots showing gene-body methylation at CG and CH in the various gene groups indicated. Blue and red lines denote levels observed in wild-type and mutant, respectively. Note that levels are similar irrespective of gene activity.\
(C) Metaplot of normalized CG methylation levels across all genes in the different cell types and tissues indicated.\
(D) Box-whisker plots showing CG methylation levels within all RefSeq genes in wild-type and *Dnmt3*^*A/A*^ PSG. Result of Wilcoxon rank sum text, E16.5 high versus E16.5 low: p = 1.403 × 10^−5^ (mCG), p = 4.091 × 10^−4^ (mCH).\
(E) Graph showing the distribution of methylation levels of each methylated cytosine in the genome in the different tissues and cell types indicated. The shift to the right (closer to 1.0 or 100%) indicates that many more methylcytosines are methylated 100% of the time based on the sequencing data compared to lower individual methylation levels observed in germ cells. The frequency of methylated cytosines methylated at the highest levels is greater in wild-type than *Dnmt3L*^*A/A*^ germ cells and other somatic tissues tested. The data indicate that PSG are hypermethylated compared to differentiated tissues.](gr2){#fig2}

![Dnmt3L *D124A* Mutation Causes Fertility Defects\
(A) Image of testes removed from 15-week-old *Dnmt3L*^*+/+*^ and *Dnmt3L*^*A/A*^ animals.\
(B) Biometric data comparing *Dnmt3L*^*+/+*^ and *Dnmt3L*^*A/A*^ animals. Note that Dnmt3L^*A/A*^ animals have a significant reduction in testes mass (*Dnmt3L*^*+/+*^: n = 19, age: 8--19 weeks; *Dnmt3L*^*A/A*^: n = 18, age: 8--19 weeks). *Dnmt3L*^*A/A*^ males also produce significantly less spermatozoa than age-matched *Dnmt3L*^*+/+*^ males (n = 6, age: 15--17 weeks). Two *Dnmt3L*^*A/A*^ animals were found to be azoospermic. The average litter sizes sired by *Dnmt3L*^*A/A*^ stud males were also reduced (5.6 pups versus 9.2 pups). For *Dnmt3L*^*+/+*^ animals, four litters from four different studs were recorded. For *Dnmt3L*^*A/A*^ animals, eight different litters from eight different studs were recorded. Scatterplots show mean ± SEM. Exact p values are 0.0374 (normalized testes mass, NMT), 0.0087 (sperm counts), and 0.0283 (litter sizes).\
(C) Low- (6×) and high-magnification (30×) images of H&E-stained sections of fixed and paraffin-embedded testes from a *Dnmt3L*^*A/A*^ male (16 weeks). Note the coincidence of normal (I) and empty (II) seminiferous tubules. SG, spermatogonia; P, pachytene spermatocyte; rSt, round spermatid; eSt, elongating spermatid; Ap, apoptotic cell.\
(D) Bar graphs depict absolute cell numbers (mean ± SEM) of the different cell populations indicated measured by FACS. Exact p values are 0.0059 (GFP^+^) and 0.0012 (mitotic/4n, diploid/2n, and haploid).\
(E) Immunofluorescence micrographs of meiotic spreads from either *Dnmt3L*^*+/+*^ or *Dnmt3L*^*A/A*^ testes. Spreads were stained using Scp1 (synaptonemal complex 1) antibody. Note that *Dnmt3L*^*A/A*^ males produce spermatocytes capable of undergoing correct chromosomal pairing (normal) as well as spermatocytes defective in the process (abnormal).](gr3){#fig3}

![Altered Gene Expression in *Dnmt3L*^*A/A*^ Spermatogonia\
(A) Heatmap of median-normalized genes showing more than a 2-fold log~2~ difference in expression. Rank product analysis revealed the upregulation and downregulation of 530 and 411 genes, respectively, in *Dnmt3L*^*A/A*^ (*A/A*) versus wild-type (+/+) germ cells. SSCs were FACS-purified from four individual 9-dpp animals of each genotype.\
(B) Bonferroni-modified p values for the enrichment of selected representative functional gene categories in the sets of genes upregulated or downregulated in *Dnmt3L*^*A/A*^ SSCs. Categories 1--3, 7, and 8 are Gene Ontology biological processes, 4 and 6 are Gene Ontology molecular functions, and 6 is an Interpro domain. No Interpro domains were enriched in the set of upregulated genes.\
(C) qRT-PCR analysis of SSC markers. Bar graphs show mean ± SEM. Exact p values are 0.0022 (Pouf51, Sox3, Dazl, Rbmy, CD9), 0.0087 (Ngn3, Sohlh2), and 0.0455 (Bcl6b).](gr4){#fig4}

![PRC2 Components and H3K27Me3 Are Enriched at Genes Downregulated in *Dnmt3L*^*A/A*^ SSCs\
(A) Metagene plot of Suz12, Ezh2, and H3K27Me3 along the gene body (±4 kb of the transcription start site \[TSS\]) showing downregulated genes are more likely to be targets of the PRC2 complex. Plots show the average number of ChIP-seq sequence reads for Ezh2 and H3K27Me3 (input) in mouse ESCs at all genes (gray) and in genes upregulated (red) and downregulated (green) in *DnmtL*^*A/A*^ SSC. Sequence reads are plotted against the genomic distance from the gene TSS as reads per million total reads.\
(B) Gene-body methylation plots of CG, CHG and CHH methylation at PcG target genes (blue line). Methylation plots at genes with low/weak expression in E16.5 PSG (red line) as well as all RefSeq genes (black line) are shown as controls. The data indicate a lack of specific enrichment of CG or non-CG methylation at PcG target genes in 1-dpp PSG.](gr5){#fig5}

![Analysis of Retrotransposon Expression and Methylation in *Dnmt3L*^*A/A*^ Testes\
(A) Low- (4×) and high-magnification (40×) micrographs of testes sections from *Dnmt3L*^*+/+*^ and *Dnmt3L*^*A/A*^ animals subjected to in situ hybridization with the probes indicated. Tubules in *Dnmt3L*^*A/A*^ testes show variable retrotransposon expression (note not all tubules are positive for signal). Wild-type sections do not show a specific signal. Signal detection developed for equal duration. Images are representative of signal observed in four sections from four different animals for both genotypes.\
(B) High-magnification micrographs of testes sections from *Dnmt3L*^*+/+*^ and *Dnmt3L*^*A/A*^ animals subjected to in situ hybridization using the probes indicated. For LINE-1 in situ, testes were harvested from 8-week-old and 5-week-old animals (*Dnmt3L*^*+/+*^ and *Dnmt3L*^*A/A*^, respectively). For the IAP in situ, testes were harvested from 16-week-old animals; images are representative of four sections from four different animals analyzed.\
(C) Heatmap of median normalized retrotransposon-containing transcripts showing more than a 2-fold log~2~ difference in expression. Green indicates downregulation; red indicates upregulation. Only probes hybridizing to transcripts containing repeat elements are shown. Asterisk indicates probes hybridizing to transcripts that contain more than one retrotransposon. The data indicate that retrotransposons are upregulated in *Dnmt3L*^*A/A*^ spermatogonia at 9 dpp.\
(D) Box plots showing proximity of closest proximal/upstream ERV family repeats to up- and downregulated genes in *DnmtL*^*A/A*^ SSCs. The TSSs of upregulated genes are significantly closer to proximal/upstream-located ERV/LTR family retrotransposons. Statistical analyses were carried out using the Wilcoxon rank sum test, comparing the average closest distance for each group (up- or downregulated) to that for all genes. Exact p values are 0.01279 (upregulated genes) and 0.9953 (downregulated genes).\
(E) Dot plot comparing methylation levels of ERVs in proximity to upregulated genes. Note that in general, the same repeat is hypomethylated in *Dnmt3L*^*A/A*^ PSG compared to wild-type.\
(F) Heatmap of the same data described in (E). The data indicate that ERVs in close proximity to upregulated genes in *Dnmt3L*^*A/A*^ SSCs are hypomethylated in PSG.](gr6){#fig6}

###### 

Number of Mapped Reads Containing Methylated and Unmethylated Cytosines in Different Sequence Contexts in *Dnmt3L*^*+/+*^ and *Dnmt3L*^*A/A*^ 1-dpp Prospermatogonia

          Methylated        Unmethylated      Total                                                 
  ------- ----------------- ----------------- ----------------- ----------------- ----------------- -----------------
          *Dnmt3L*^*+/+*^   *Dnmt3L*^*A/A*^   *Dnmt3L*^*+/+*^   *Dnmt3L*^*A/A*^   *Dnmt3L*^*+/+*^   *Dnmt3L*^*A/A*^
  CG      3.03 × 10^7^      2.54 × 10^7^      7.76 × 10^6^      1.17 × 10^7^      3.81 × 10^7^      3.71 × 10^7^
  CHH     5.79 × 10^7^      8.8 × 10^6^       6.68 × 10^8^      7.02 × 10^8^      7.26 × 10^8^      7.10 × 10^8^
  CHG     2.04 × 10^7^      2.24 × 10^6^      1.86 × 10^8^      2.01 × 10^8^      2.06 × 10^8^      2.03 × 10^8^
  Total   1.09 × 10^8^      3.64 × 10^7^      8.61 × 10^8^      9.14 × 10^8^      9.70 × 10^8^      7.26 × 10^8^

###### 

Analysis of the Frequency of Defective Tubules in Testes Sections from *Dnmt3L*^*+/+*^ and *Dnmt3L*^*A/A*^ Animals

  Genotype          Age (Weeks)   Number   
  ----------------- ------------- -------- -----
  *Dnmt3L*^*+/+*^   17            200      0
  *Dnmt3L*^*A/A*^   18            140      9
  *Dnmt3L*^*A/A*^   16            95       73
  *Dnmt3L*^*A/A*^   18            175      58
  *Dnmt3L*^*A/A*^   15            0        200

In each transverse section, 200 tubules were counted.

[^1]: Present address: Paediatric Research Centre, University of Tampere Medical School and Tampere University Hospital, 33520 Tampere, Finland
